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Abstract 
A 201.5 MHz deuteron four-rod RFQ was designed and operated to generate high flux neutron for the application of 
neutron radiography at Peking University, which is called as Peking University Neutron Imaging Facility 
(PKUNIFTY). This paper presents two kinds of tuners to tune the cavity to the designed frequency and reach the 
needed field unflatness distribution less than 5%; the RFQ intervane voltage 70.7 kV determination by the roentgen 
spectrum measurement at 237.6 kW; output accelerated deuteron beam energy at 2.0 MeV with energy spread of 
2.5% at 300 kW including additional about 60 kW beam power.  Although it has been running more than one year, 
sometimes we have troubles not only for the RFQ, mainly for the RF system. This paper showed some troubles and 
its shootings methods. Some troubles and shooting methods might be useful for similar projects. 
 
© 2014 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of UCANS 
 
Keywords: Neutron radiography;  RFQ accelerator; cavity  tuning system ;tetrode amplifier ; AGC and AFC. 
1. Introduction 
A high current deuteron RFQ was designed, developed and commissioned at the State Key Lab of 
Nuclear Physics and Technology at Peking University for neutron radiography and other applications. It 
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accelerates deuterons from 50 keV to 2.0 MeV with peak beam current up to 50 mA. The repetition 
frequency is 100 Hz or 160 Hz, and duty cycle can be adjusted from 1% to 10% [1].  
PKUNIFTY, shown in Fig. 1 (a), consists of ECR ion source, LEBT, RFQ accelerator (see Fig. 1 (b)), 
HEBT, Beryllium target and neutron imaging system. ECR ion source can provide deuteron beam 83 mA 
with its emittance about 0.18 mmgmrad at extraction voltage of 50 kV. The basic parameters of this RFQ 
are listed in Table 1. The target is made of beryllium with thickness of 4.0 mm, which is clamped on an 
aluminum alloy frame and cooled by water. In this paper, we want to show and discuss some troubles 
such as RFQ cavity detuning caused by RF power consumption, RFQ intervene voltage determination, 
deuteron beam energy measurement, RF failures of 400 kW amplifier and so on during our RFQ 
commissioning. 
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Fig. 1. (a) outline of  PKUNIFTY; (b) picture of deuteron RFQ. 
 
Table 1. main parameters of deuteron RFQ [2]. 
Parameters  Values 
Frequency (MHz)  201.5 
Input energy (keV) 50.0 
Output energy (MeV) 2.0 
Duty factor  1%~10% 
Repetition Frequency (Hz) 100,160 
Intervane voltage (kV) 70.0 
Kilpatrick 1.86 
Length (cm) 269.50 
Electrode modulation (maximum) 1.86 
Average aperture (mm) 3.64 
Synchronous phase [°] (deg)   -27.3 
Input emittance Hx,y,norm,rms (π mm•mrad) 0.2 
Input emittance Hx,y,norm,rms (π mm•mrad) 0.2 
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2. Trouble shooting of deuteron RFQ 
2.1. RFQ cavity tuning and detuning 
RFQ cavity tuning is to realize the designed RFQ operating frequency and needed field distribution 
along the longitudinal direction. The most RFQs for light ions adopted four-vane structure operated at the 
frequency more than 300 MHz, which are supplied by huge and expensive klystron amplifiers. However 
four-rod RFQ for proton or deuteron could be operated at around 200 MHz, which has not only bigger 
beam aperture, also can be supplied by less expensive and dimension tetrode amplifier such as TH781 
amplifier. Fig. 2 showed the inner structure of deuteron RFQ including the RF coupling loop (Fig. 2). The 
cavity frequency before tuning should be about 10 MHz lower than the designed frequency 201.5 MHz, 
otherwise after tuning the cavity frequency maybe too higher than the designed value, this maybe a bigger 
trouble to retune it. Fortunately nowadays we could simulate the whole structure with the modulated 
electrodes. The result is rather accuracy not only on the cavity frequency also on the field distribution. 
This gives the ways to do the design and tuning strategy of the cavity. 
 
    
Fig. 2. (a) inner structure of deuteron RFQ; (b)  plate tuners ;stick tuners and RF coupler. 
 
The field distributions could be measured by the bead-pull measurement through a network analyser 
E8753E. After the transformation and normalization of perturbation S21 phase, one can see the field 
flatness for the untuned cavity is very serious (Fig. 3 (a)), which is explanted as different local 
capacitance distribution caused by the different vane tips modulation along the cavity. The inserted plate 
tuner between two neighboring supporting stems can reduce the local inductance and raises the local 
resonant cell frequency so that it can tune the cavity in wide range of the frequency. To set up the 
reasonable plate tuners configurations (Fig. 3 (b)) for different resonant cells along the cavity, it makes 
the cavity energy distribution more uniform. The flatness of the field distribution is below 5% (Fig. 3 (a)). 
The fine tuning for the cavity was done by the stick tuner. There are total four stick tuners uniformly 
distributed along the cavity. They are driven by AFC circuit based on the cavity detuning caused by the 
RF power fed by RF coupler (Fig. 2 (b)). Stick tuners perturb the magnetic field of the RFQ cavity, and 
raise the frequency of the perturbed cell and also of the whole cavity by coupling. The tuner’s effect on 
the resonant frequency is shown in Fig. 4 (a).The frequency is higher as the length of the stick inside the 
cavity is longer. It is very important not to affect the electric field with the stick tuners when the 
frequency is compensated. The curves marked with square, real dot and triangle mean four stick tuners 
are inserted the same length. It doesn’t change the field distribution. This is the reason why one can keep 
the relative field distribution fixed while to fine tune the cavity frequency. 
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The cavity detuning caused by the RF power was measured during RF commissioning. This was shown 
in Fig. 5. The cavity detuning is about -80 kHz, the cooling water temperature raises about 2 degree. It is 
easily tuned by the stick tuners. 
 
      
Fig. 3. (a) field distribution before and after tuning ; (b) plate tuner configurations. 
 
Fig. 4. (a) tuning range by stick tuner; (b) field distribution with different depth of  stick tuners. 
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Fig. 5. (left black) cavity detuning vs. RF power; (left blue) cooling water temperature vs RF power; roentgen spectrum measured at 
237.6 kW at 4% duty cycle (right). 
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2.2. RFQ intervane voltage determination 
To determine the inter-electrode voltage, a high purity Ge detector cooled by liquid nitrogen was 
placed opposite to the observation window made by lead glass to measure the energy spectrum of x-rays. 
An ORTEC computer multi-channel system was employed to deal with the signal, which consists of a 
preamplifier, a master amplifier, a PCI computer multi-channel card and a notebook PC. The system was 
calibrated by using standard radiation sources 152Eu. After adjusting the amplification factor properly, 
setting the 344.31 keV x-ray peak of 152Eu at channel 3705, then another two peaks appeared at channels 
1310 and 2633 corresponding to 152Eu 121.78 keV and 152Eu 244.697 keV, respectively. The above 3 
points fit a good linearity, which means that the measuring system calibration is successful and the 
conversion factor is 0.093 keV / channel. When RF power and cooling water were applied, the cavity was 
operated with vacuum ~ 106 Pa. The RF power up to 280 kW was fed into the RFQ cavity at 4% duty 
cycle. The bremsstrahlung spectrum of X-ray method provides a precise technique for measuring inter-
electrode voltage. From the measured Roentgen spectrum at RF power 237.6 kW shown in Fig. 5 (right), 
the inter-electrode voltage reaches 70.7 kV [3], which is higher than the designed value 70 kV. The 
specific shunt impedance is defined as ܴݏ = (ܸ2/ܲ)ܮ = ܴ݌ܮ, where ܮ = 2699.6 mm is the length of the RFQ. 
so the corresponding specific shunt impedance is about 52.7 kΩ•m [4]. 
2.3. Beam energy analysis 
The output deuteron beam energy was analyzed by an analyzing magnet. When input RF power is less 
than 290 kW, some particles are not accelerated to 2.0 MeV, one can see several energy peaks from 1.0 to 
1.6 MeV (Fig. 6 (a)). However, if the RF power is higher than 300 kW, the output energy spectrum is 
very clean and the corresponding deuteron kinetic energy peak is exactly 2.0 MeV (Fig. 6 (b)) with 
energy spread of about 2.5%. Such deuteron beam energy spectrum has also been verified by the beam 
dynamics simulation, as an example, the simulation results were shown in Fig. 7 for RF power of 264.58 
kW which is corresponding to the RFQ  inter-vane voltage of 65.6 kV.  
 
Fig. 6. (a) deuteron energy spectrum at 264.6 kW; (b) energy spectrum at 300.3 kW. 
 Y.R. Lu et al. /  Physics Procedia  60 ( 2014 )  212 – 219 217
 
Fig. 7. deuteron RFQ  beam dynamics simulation at 65.6 kV corresponding to RF power of 265 kW. 
2.4. Trouble shooting for TH781 400 kW amplifier 
The air cooling system for the TH781 filament and vacuum tube socket has no cleaning or filtering 
device. This makes TH781 socket be very dirty and TH781 anode and screen grid can’t support the high 
voltage, especially in the cold and wet weather. It was improved by enclosing the fresh air entrance and 
adding fresh filter; 
The sparking points on anode ring and inner surface of anode cavity have been polished and silver 
recoated to improve their surface RF characteristics. 
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Fig. 8. (a) s11 and S21 for TH781; (b) output power optimization for TH781. 
 
The impedance matching between the 20 kW driver and TH781 input has been optimized for the pulse 
operation. The measured S11 reflection and S21 transmission were shown in Fig. 8 (a). The network 
analyzer was triggered by using an exit trigger pulse signal which is 0.7ms preset to the timing pulse for 
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TH781 grid gating. So the TH781 is in the hot state with 300 A filament current and all high voltage 
power supplies are applied. For our tube TH781 we should change the diameter of inner conductor of 
output transmission line to 40 mm [4], then tube can output maximum to 470 kW (Fig. 8 (b)). Otherwise 
it has no way to deliver more than 350 kW for the tube used now. 
3. Conclusions 
The cavity tuning for 201.5 MHz four-rod RFQ accelerator is very hard work to reach not only the 
operating frequency also the designed field distribution. Plate tuners are used to balance the energy 
distribution due to the different electrode modulation. At the low energy end or at the entrance of RFQ, 
one needs to set more plate tuners to decrease the inductance to compensate heavier distributed 
capacitance. Four stick tuners are set as fine tuning to correct the detuning caused by high RF peak power.   
The RFQ intervene voltage can be determined by the roentgen spectrum measurements, it reaches the 
designed value at about 237 kW without the beam. To accelerate 30 mA deuteron beam from 50 keV to 
2.0 MeV, RFQ needs additional about 60 kW. This was proved by the beam energy analysis, if the RF 
power is not enough; particles are not all accelerated and verified by the beam dynamics simulation. The 
beam has been accelerated successfully to 2.0 MeV with energy spread of 2.5%. A lot of troubles have 
been met during the last one year commissioning; the trouble shootings are very interesting and helpful to 
run the similar facilities.  
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